Summary
in human fibroblasts results in senescent phenotypes, including the activation of the p53 pathway, nuclear deformity, heterochromatin alterations, and senescence. In addition, AKTIP reduction affects lamin A expression in human cells (Burla, Carcuro, et al., 2016) . Altogether, the properties of AKTIP place this protein at the crossroad of multiple pathways that have been associated with progeroid phenotypes.
The Hutchinson-Gilford progeria syndrome (HGPS) is the bestcharacterized example of progeria, caused by a mutation in exon 11 of the LMNA gene leading to the production of a truncated form of lamin A (De Sandre-Giovannoli et al., 2003) . Patients with HGPS develop multiorgan abnormalities, including skeletal defects and absence of subcutaneous fat. They show a limited growth and die in the teenage years, prevalently due to cardiovascular problems leading to infarction or stroke (Hennekam, 2006) . Mouse models reflect several aspects of the human disease; the LAKI model, for example, carrying the G608G mutation in the LMNA gene, is characterized by reduced lifespan and body weight, and skeletal and skin defects (Osorio, Navarro, et al., 2011) .
The idea that lamins play a pivotal role in determining premature aging is also supported by the discovery of progeroid disorders different from HGPS. For example, restrictive dermopathy patients carry recessive mutations in the ZMPSTE24 gene, which encodes the proteolytic enzyme involved in lamin A maturation (Barrowman, Wiley, Hudon-Miller, Hrycyna & Michaelis, 2012) . Also, in this case, a mouse model replicates the progeroid phenotype of the disease (Osorio, Ugalde, et al., 2011) . A partial recovery of the ZMPSTE24 À/À phenotype is obtained by depletion of the tumor suppressor protein p53, pointing to a role of DNA damage in the pathophysiology of this progeria (Varela et al., 2005) .
In addition to the LMNA gene, several genes involved in DNA metabolism have been implicated in progeroid syndromes.
They include the WRN and BLM genes, which encode members of the RecQ DNA helicase family and are responsible for the Werner and Bloom syndromes, respectively (Bachrati & Hickson, 2003) .
Telomere dysfunctions have also been linked to progerias.
Dyskeratosis congenita, which is caused by mutations in telomere-related genes, has progeroid phenotypic traits (Dokal, 2011) .
The involvement of AKTIP in telomere maintenance and regulation of lamin A (Burla et al., 2015; Burla, Carcuro, et al., 2016) prompted us to investigate whether this protein contributes to preventing premature aging. We thus generated mice bearing a mutation in the Ft1 gene. We report here that Ft1 mutant mice exhibit multiple progeroid traits, including impaired growth, skeletal and skin defects, and sterility. We also demonstrate an interplay between Ft1 and p53. Ft1 mutant mice carrying mutations in ) showed a partial rescue of the progeroid traits observed in Ft1 single mutants, suggesting that these traits are at least in part caused by the p53-mediated response to the DNA damage elicited by mutation in Ft1.
| RESULTS

| Generation of Ft1 kof mice and characterization of derived MEFs
Given that AKTIP is required for DNA replication and cell proliferation (Burla et al., 2015) , we reasoned that full knockout (ko) of Ft1 would cause physiological damage incompatible with mouse survival. Thus, we produced animals with reduced Ft1 levels using the knockout first (kof) strategy, based on the insertion into the target gene (referred as kof allele) of the bgeok cassette (Testa et al., 2004) (Figure 1a) , which traps and truncates Ft1 nascent transcript reducing the expression of the gene (Figure 1a ). Transgenic founders and subsequent generations were screened by PCR (Figure (Burla et al., 2015; Burla, Carcuro, et al., 2016) . We first checked the Ft1 subcellular localization by immunostaining MEFs with an anti-Ft1 antibody. In human cells, AKTIP is enriched at the nuclear rim where it partially co-localizes with lamins (Burla, Carcuro, et al., 2016) . Consistent with these results, Ft1
MEFs displayed a Ft1 signal at the nuclear periphery (Figure 1e ), while the signal was undetectable in the Ft1 kof/kof MEFs (Figure 1e ,f).
In line with these results, Western blotting showed a strong reduction of Ft1 in Ft1 kof/kof MEF extracts ( Figure 1g ). (Burla et al., 2015) that an impairment of the Ft1 function does not result in telomere loss ( Figure S1a,b) .
Finally, we evaluated the status of lamin A in MEFs. Consistent with our previous results on human AKTIP (Burla, Carcuro, et al., 2016) , wt cells displayed partial co-localization of lamin A with Ft1
( Figure S1f Figure 3e ). Altogether, these observations show that
Ft1 expression is critical for mouse growth, survival and fertility.
| Ft1 kof mice display skeletal alterations
Bone is altered in progeroid patients and mouse models for progeria syndromes (Bergo et al., 2002; Mounkes, Kozlov, Hernandez, Sullivan & Stewart, 2003; Osorio, Navarro, et al., 2011) . and wt mice; ***p < .001-log-rank-Mantel-Cox test. (e) Pups generated by mice of different genotypes. Whiskers represent the minimum and the maximum values and the boxes the 25th to the 75th percentile; median values are shown as a line within the boxes. *p < .05; ***p < .001 in Student's t test. See also Table S2 F I G U R E 2 DNA damage, telomere aberrations and lamin A alterations in Ft1 kof/kof MEFs. (a-c) Staining for anti-53BP1 (red in merges) in Figure S1 LA TORRE ET AL.
MEFs (a) and quantification (b, c). (d-f) Staining with anti-cH2AX (red in merges) in MEFs (d) and quantification (e, f
| 5 of 13 regular columnar and conjugational cartilage, although slightly shorter than controls (Figure 4g ). In mutant mice, newly formed bone trabeculae were also shorter, with a poorly defined osteoblastic rim, as compared to wt (Figure 4h ). TRAP cytochemistry did not reveal significant differences in osteoclast numbers relative to bone surfaces between Ft1 kof/kof samples and controls, suggesting that the Table S2 osteopenic defects cannot be ascribed to increased osteoclastogenesis ( Figure 4i ).
Altogether, these results show that mutations in Ft1 cause bone defects that partially phenocopy those observed in progeroid models caused by mutations in lamin coding genes or in genes involved in DNA metabolism (Bergo et al., 2002; Chen et al., 2012; Saeed et al., 2011) .
| Ft1 kof animals display skin and heart alterations
Several studies have shown that skin and heart are typically altered in premature aging disorders associated with impaired DNA metabolism, lamin, or telomere defects (Bergo et al., 2002; Cao & Hegele, 2003; Mounkes et al., 2003; Watson et al., 2013) . We found that in SA Ft1 kof/kof mice adipose tissue deposits are strongly reduced compared to age-matched controls (Figure 5a ). The analysis on H&E-stained skin sections clearly showed the absence of subcutaneous fat layer in SA mutant animals, a defect similar to the skin defects described in mice carrying mutations in the lamin A coding gene (Mounkes et al., 2003) (Figure 5b ).
The heart of SA Ft1 kof/kof mice was smaller than in controls, with a reduction in size proportional to the overall body reduction (Figure 5c ). In addition, analysis of H&E-stained hearts of Ft1 kof/kof animals and wt mice showed a difference in tissue architecture. In Table S2 LA TORRE ET AL.
| 7 of 13 hearts of SA Ft1 kof/kof animals, there was no apparent fibrotic tissue and the number of nuclei per area was higher than in wt hearts, suggesting an increase in the nuclear/cytoplasmic ratio (Figure 5c,d ).
To gain additional insight into the origin of the defects detected in SA Ft1 kof/kof hearts, we immunostained heart sections for cH2AX
to reveal DNA damage foci. In mutant hearts, the frequency of cells with more than 5 foci was significantly higher than in controls, indicating DDR activation (Figure 5e,f) . We also investigated whether mutant hearts express the p21 DDR and senescence marker to a higher extent than to control hearts. q-PCR analysis revealed that p21 is upregulated in heart extracts from both 12 days SA mutants and 6-month non-SA Ft1 kof/kof mice compared to age-matched controls ( Figure 5g ).
Collectively, these results indicate that mutations in Ft1 affect the skin and heart structural organization, and activate DDR and senescence pathways.
| p53 and Ft1 genetically interact
p21 is a potent inhibitor of cyclin-dependent kinase (CDK) that mediates p53-dependent cell cycle arrest in response to DNA damage; it has been shown that p21 is activated by p53. We thus asked whether p53 contributes to the phenotypic traits observed in Ft1 kof/kof mice. To test this possibility, we generated Ft1;p53 double mutant using p53 ko mice (Jacks et al., 1994 (Figure 6c ).
Analysis of death causes revealed a further interplay between
Ft1 and p53 ( Figure 6d ,e and Figure S3 ). Homozygosity for Ft1 kof did not result in malignant tumors, and Ft1 kof mutations were modestly cancer-protective in a p53 ko background (Table S1 and Figure S3 ).
However, the simultaneous presence of mutations in Ft1 and of p53 loss induced multiorgan lymphomas (Figure 6d , Figure S3b -e), which
were not observed in p53 mutant animals that exhibit lymphomas in single organs (Figure 6d , Figure S3f ,g and Table S1 ). In addition Mice with reduced levels of Ft1, both in the presence or absence of p53, appeared to be sensitive to other pathologies, including hepatitis, bone marrow aplasia, peritonitis, nephritis, and pneumonia (Figure 6e, and Table S1 and Figure S3h, Figure 6i ). An increase in the proliferation rate of MEFs bearing mutation in p53 has been reported previously (Lang et al., 2004; Ma, Choudhury, Hua, Dai & Li, 2013) .
Collectively, these results suggest that Ft1 deficiency renders cells more sensitive to DNA damaging agents, resulting in proliferation defects that are (over) rescued by the presence of a single p53 ko mutant allele.
| DISCUSSION
Human progeroid syndromes and their related animal models have been instrumental to identify factors involved in normal human aging. The cellular defects found in progeroid diseases that also characterize normal human aging include DNA damage and genome instability, telomere attrition, epigenetic alterations of histones, aberrations in the nuclear lamina, and cell senescence (de Boer et al., 2002; Liu et al., 2005; Osorio, Ugalde, et al., 2011; Varela et al., 2005 ).
Here we analyzed the cellular, developmental, and physiological phenotypes of Ft1 mutant mice, focusing on traits related to the aging process. Importantly, our analysis of MEFs from Ft1 kof/kof mice confirmed and extended our previous results obtained on the mouse and human cells depleted of Ft1 or AKTIP (Burla et al., 2015; Burla, Carcuro, et al., 2016 ) and Ft1, showing that Ft1 mutation impacts on lymphomagenesis and inflammatory conditions. See also Figure S3 and (Table S2) . We found that Ft1 mutant mice have reduced body weight, fertility defects, and reduced lifespan, as previously observed in models of laminopathies (Bergo et al., 2002; Osorio, Navarro, et al., 2011) and telomeropathies (Mart ınez et al., 2009 ). In addition, the growth defects of Ft1 kof/kof mice were exacerbated with aging, suggesting that the effects of Ft1 mutations intercept the normal aging-induced degeneration pathways. Ft1 kof/kof mice also displayed skin and bone defects, which were previously observed in lamin mutant mice (Bergo et al., 2002; Mounkes et al., 2003; Osorio, Navarro, et al., 2011) , in Tert ko animals (Rudolph et al., 1999) , Finally, telomeres recruit and interact with many DNA repair factors, which play crucial functions in telomere maintenance (Doksani & de Lange, 2014 ). Thus, current information does not allow identification of the specific cellular phenotype that leads to progeroid traits observed in Ft1 mutant mice. The most likely hypothesis is that all cellular defects observed in Ft1 mutant MEFs contribute to the organismal phenotype of mutant animals. It is indeed quite possible that these defects lead to senescence in most if not all tissues, causing developmental defects and infertility.
| Relationships between Ft1, p53, and cancer
We have shown that p53 deficiency in Ft1 mutant MEFs induces cell over proliferation and rescues the sensitivity to both bleomycin and hydroxyurea. Consistent with these findings, in Ft1 kof/kof mutant mice, mutations in p53 rescue the body weight and sterility phenotypes but do not improve survival. Impairment of the p53 function also ameliorates the progeroid phenotypes in BRCA1-deficient mice (Cao, Li, Kim, Brodie & Deng, 2003) and in HGPS mouse models (Varela et al., 2005) . However, p53 deficiency worsens the progeroid phenotype in telomere dysfunctional mice (Begus-Nahrmann et al., 2009 ). An explanation for this discrepancy is that p53 deficiency The relationships between mutations in progeria-related genes and cancer are also complex. Progeroid models have been used to study the interplay between aging and cancer, given that age is a major risk factor for cancer developing. It has been shown that some forms of progeria can exert a protective role against tumor development (de la Rosa et al., 2013) . On the other hand, mutations in the WRN helicase causing a segmental progeroid syndrome have been associated with an elevated cancer risk (Blander et al., 2000) . We found that Ft1 kof mutation does not induce cancer and that p53 Ft1 double-mutant mice do not exhibit an increase in the overall frequency of malignancies. However, p53 ko combined with Ft1 deficiency induced an increase in the diffusion of lymphomas as compared to the restricted localization of this type of tumor in p53 ko mice. It has been reported that T-cell lymphomas in p53 ko mice are oligoclonal and generated by a characterized sequence of mutational events (Dudgeon et al., 2014 (Jacks et al., 1994) animals to obtain double mutants.
Offspring were weaned at 3 weeks, and tail biopsies were genotyped and transgene expression analyzed. When needed, mice were anesthetized by intramuscular Zoletil 20 (Virbac S.A., France), or euthanized by asphyxiation with carbon dioxide or cervical dislocation.
| Cells
MEFs were isolated and cultured as described in Rinaldo et al. (2012) . Population doubling (pd) was calculated with the formula Log (n t /n 0 ) 9 3.33. For Bleomycin and Hydroxyurea sensitivity assay, cells plated 24 hr in advance were treated with Bleomycin (Sanofi Aventis) or Hydroxyurea (Sigma) for 7 hr and replaced with medium w/o drugs. Cell density was calculated 10 days after treatment by staining with crystal violet (5% in methanol, Sigma) for 10 min and analyzed by IMAGEJ.
| Genotyping
Tail biopsies were digested overnight at 56°C with a proteinase K/ SDS solution; genomic DNA (gDNA) was extracted using the NucleoSpin â Tissue columns kit (Macherey-Nagel, Duren, Germany) following manufacturer's instructions. Mice were PCR genotyped using the following primers:
p53-X7 R: 5 0 -GGATGGTGGTATACTCAGAGCC-3 0 ;
| q-PCR
RNA was extracted using the TRIzol reagent (Invitrogen) according to manufacturer, after DNaseI treatment (Invitrogen) was reverse transcribed into cDNA with oligo d(T) primer and OMNISCRIPT RT KIT (Qiagen). q-PCRs were performed as described (Burla et al., 2015) using following primers: 
| Western blotting
Western blotting was carried out as described in Burla et al. (2015) .
Filters were incubated with rabbit monoclonal anti-FT1 (Sigma HPA 046300), rabbit anti-actin HRP-conjugated (C-11; Santa Cruzsc1615), rabbit anti-p21 (C-19; Santa Cruz-sc397), and rabbit antip53 antibodies produced by S. Soddu as described in Cecchinelli et al. (2006) . Filters were incubated with appropriate HRP-conjugated secondary antibodies (Santa Cruz).
| Immunostaining, FISH, and cytology
For immunostaining, cells were fixed with 3.7% formaldehyde for 10 min at 4°C and permeabilized with 0.25% Triton X-100 in PBS for 5 min. Where indicated, cells were prepermeabilized according to (Burla et al., 2015) . 
| Histology, immunohistochemistry, and TRAP
Skin, bone, and heart were fixed in 4% formaldehyde. Tissues were cleared with ascendant alcohol concentration, embedded in paraffin, and sectioned at 3.5 lm. Sections were hydrated with descendant alcohol concentration, stained with Hematoxylin (Carlo Erba) and Eosin (Sigma), cleared, and mounted with DPX Mountant for Histology (Sigma). For cH2AX analysis on paraffin, embedded heart sections were treated as previously described (Martinez, Ferrara-Romeo, Flores & Blasco, 2014) . Tissues were incubated overnight with an anti-cH2AX (Abcam 2893) diluted in BSA 3%, Triton X-100 0.1%, and the day after incubated for 1 hr at room temperature with the LA TORRE ET AL. 
| X-ray and bone density analysis
Total body X-ray images were taken using Faxitron MX-20 (Faxitron X-ray Corp.) at 24 kV for 6 s; images captured with Medical Imaging Film HM Plus (Ferrania). Cervical-thoracic vertebrae angle quantification was measured with Photoshop CS6 plugin. Femurs were imaged using a Faxitron MX20 operating at 24 kV for 4 s. Image density was determined as previously described (Bassett, van der Spek, Gogakos & Williams, 2012) .
| Statistics
Kaplan-Meier curves were analyzed using the log-rank (Mantel-Cox)
test. Inheritance of kof allele was analyzed using the Mendelian ratio for heterozygous mating, and v 2 test was applied. The KolmogorovSmirnov test was used to compare gray-level cumulative frequency distributions in X-ray image quantification. Independent data sets were compared with the Student's t test (unpaired, two-tailed) .
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